The C9orf72 repeat expansion has been reported as a negative prognostic factor in amyotrophic lateral sclerosis (ALS). We have examined the prognostic impact of the C9orf72 repeat expansion in European subgroups based on gender and site of onset. Methods C9orf72 status and demographic/clinical data from 4925 patients with ALS drawn from 3 prospective ALS registers (Ireland, Italy and the Netherlands), and clinical data sets in the UK and Belgium. Flexible parametric survival models were built including known prognostic factors (age, diagnostic delay and site of onset), gender and the presence of an expanded repeat in C9orf72. These were used to explore the effects of C9orf72 on survival by gender and site of onset. Individual patient data (IPD) meta-analysis was used to estimate HRs for results of particular importance. Results 457 (8.95%) of 4925 ALS cases carried the C9orf72 repeat expansion. A meta-analysis of C9orf72 estimated a survival HR of 1.36 (1.18 to 1.57) for those carrying the expansion. Models evaluating interaction between gender and C9orf72 repeat expansions demonstrated that the reduced survival due to C9orf72 expansion was being driven by spinal onset males (HR 1.56 (95% CI 1.25 to 1.96). Conclusions This study represents the largest combined analysis of the prognostic characteristics of the C9orf72 expansion. We have shown for the first time that the negative prognostic implication of this variant is driven by males with spinal onset disease, indicating a hitherto unrecognised gender-mediated effect of the variant that requires further exploration.
INTRODUCTION
Amyotrophic lateral sclerosis (ALS) is a debilitating disease with a poor prognosis. Progress towards developing new treatments has been limited both by disease heterogeneity, and by the likely interaction between genetic and environmental factors in disease pathogenesis. 1 A pathological expansion of a hexanucleotide repeat in the C9orf72 gene 2 3 accounts for up to 10% of those with ALS in populations of European extraction, and is associated with a distinctive clinical phenotype that includes frontotemporal dementia (FTD) in some instances. [4] [5] [6] [7] [8] [9] [10] Although the C9orf72 repeat expansion has been shown to be an important negative prognostic factor in survival analyses, 4 -10 until now no study has been sufficiently large to permit robust analysis of interactions between the variant and demographic features including age, gender and site of onset. Here, we used our combined clinical data sets to determine whether the presence of the expanded variant differentially modulates survival based on gender and site of onset.
METHODS

Data sources/case capture
Clinical data from ALS cases incident from January 2000 to April 2015 were collected from Belgium, Ireland, Italy, Netherlands and the UK. All patients fulfilled the diagnostic criteria for ALS, and core data elements as defined by the European Network for the Cure of ALS (ENCALS consortium) were harmonised across data sets for consistency based on existing consortia agreements. 11 Owing to the lack of an agreed international definition of 'familial ALS', and given that a previous populationbased familial aggregation analysis from Ireland demonstrated a much higher familial ALS occurrence (16%) than usually recognised, 12 we did not exclude cases based on family history. The Belgian and UK cases were collected from clinical research centre cohorts, while the Dutch, Irish and Italian cases were sourced from the prospective population-based national registers. [13] [14] [15] [16] [17] [18] [19] In accordance with existing Consortia agreements, data were collated using the following variables: age of onset, date of onset, date of diagnosis, date of death/last known follow-up date, site of onset, revised El-Escorial diagnostic category (except Belgium) and C9orf72 status (normal or expanded). For all study participants, C9orf72 status was determined by repeat primed PCR as described previously (with individual laboratory-based validation and quality control by Southern blot analyses). 3 
Survival analysis strategy
Initially exploratory models were constructed using Cox proportional hazards regression to explore the effect of different time of entry to the studies. Cox models were generated including known important survival covariates including age of onset, site of onset, diagnostic delay and C9orf72. Cox models were compared using a likelihood ratio test, and by testing the validity of the proportional hazards assumption of each covariate at each timescale. A base model using Royston-Parmar flexible parametric regression 20 was built on the preferred timescale, with a proportional hazards scale and a number of degrees of freedom selected by comparison of the Akaike information criterion and Bayesian information criterion from models with increasing degrees of freedom, and the variance-covariance matrix clustered by country. Survival follow-up was limited to 5 years from entry. Models were then built to explore the effect of C9orf72 status in sex and site of onset subgroups. The stpm2 21 and ipdmetan 22 commands from Stata MP V.14.0 were used to perform the survival analysis and produce the meta-analysis graphs, while the ggplot2 23 package in R V.3.1.1 was used to generate selected final graphs. C9orf72, gender and site of onset subgroup analysis Survival curves were generated to evaluate the effect of C9orf72 status on gender and site of onset (figure 1) which suggested a three-way interaction. Therefore, gender, site of onset and C9orf72 status were categorised into one variable with eight levels as demonstrated in Online supplementary information 2 table 1. Through comparison of survival curves, redundant subgroups were combined (see online supplementary information 2), leaving three groups: spinal onset males with the C9orf72 expansion, other spinal onset patients and all bulbar onset patients. Survival curves for these groups showed that male spinal onset patients with the C9orf72 repeat expansion had a prognosis distinct from other spinal onset patients and similar to bulbar onset patients (figure 2). Meta-analysis calculated a survival HR of 1.56 (95% CI 1.25 to 1.96) for male spinal onset patients with the C9orf72 repeat expansion (figure 3). The finding was in the same direction in each country, although only the pooled estimate was statistically significant (figure 3).
RESULTS
The median ages and distribution of diagnostic delay across the final subgroups is shown in table 2. While age of onset was oldest in the bulbar onset group and youngest in the male spinal onset C9orf72 expanded group, the male spinal onset C9orf72 expanded group also had the highest proportion in the 'short' diagnostic delay category, consistent with the finding that the C9orf72 expansion differentially affects disease course in a genderspecific manner. Adjustment for the El-Escorial category (table 3) did not substantially alter the HR (1.57 CI 1.26 to 1.97).
DISCUSSION
Previously, studies have shown that people with ALS carrying a C9orf72 repeat expansion in blood present at a younger age and have reduced survival when compared to patients without the expanded variant (table 4) . However, studies until now have not been sufficiently powered to determine whether the expanded variant differentially affects outcome in subgroups based on gender and site of onset. Our findings demonstrate an intriguing and previously unrecognised interaction between the expanded variant and male patients with spinal onset disease, which appears to drive the overall survival effect. Within this cohort, the median age of onset was 59.3 and the median survival was 2.29 years. This compared to a median age of onset of 62.3 and median survival of 2.77 years in all other spinal onset disease, and a median age of onset of 65 and median survival of 2.38 years in all bulbar onset disease. Moreover, and contrary to the usual pattern in young onset disease, male spinal onset C9orf72 expanded cases were also more likely to have experienced a shorter diagnostic delay, suggesting rapidly progressing disease.
Female gender has previously been reported as an independent predictor of faster functional decline in ALS; 24 however, our observation of an interaction between site of onset, gender and C9orf72 has not been previously noted, possibly due to Diagnostic delay is defined by three tertiles per country labelled 'short', 'medium' and 'long' diagnostic delay to allow for variation in diagnostic delay between countries. ALS, amyotrophic lateral sclerosis.
limitations in the power of previous studies due to lower numbers (table 4) . Taken together, our findings and those of previous studies imply that distinct processes may operate in differing subgroups of ALS even when a known genetic factor is present as the underlying cause, and demonstrate that male gender is likely to be an important interacting factor in the biology of C9orf72-related disease. A number of pathogenic mechanisms have been proposed to explain the role of the C9orf72 repeat expansion in ALS. These include haploinsufficiency, toxic RNA interfering with the function of RNA-binding proteins or other cellular factors, and the presence of toxic dipeptide repeat proteins through Repeatassociated non-ATG (RAN) translation. 25 26 Recent work has also pointed towards C9orf72-induced pathology of nucleocytoplasmic transport processes. [26] [27] [28] [29] However, the pathobiology of the observed interaction between the C9orf72 variant and gender remains unclear, but it is congruent with observations in the SOD1 mouse model, in which transgenic mutant males have shorter survival compared to their transgenic female littermates with similar copy numbers. 30 The mechanism for this gender effect in animals, although well recognised, has not been characterised, but can be attenuated when mice are bred on a different genetic background. 30 A potential weakness of our study is that it did not include clinical scores for the presence of cognitive change, which is a known prognostic indicator in ALS. We and others have shown that those with C9orf72 repeat expansions are more likely to experience cognitive and behavioural change; however, to the best of our knowledge, until now no gender-mediated effect has been demonstrated in C9orf72-related cognitive profiling. Moreover, since C9orf72 is part of the causal pathway for some Shaded areas represent 95% CIs. Survival curves show three subgroups of patients categorised by sex, site of onset and C9orf72 status. Survival curves for male spinal onset patients with the C9orf72 repeat expansion are markedly worse than other spinal onset patients and are in fact inseparable from bulbar onset patients. Median predicted survival in the three groups were: spinal excluding C9orf72 expanded males=2.77 years (95% CI 2.67 to 2.87); bulbar onset=2.38 years (95% CI 2.33 to 2.42); spinal onset males with C9orf72 repeat expansion=2.29 years (95% CI 2.15 to 2.49).
forms of FTD, inclusion of cognitive status as a variable would have introduced a selection bias based on 'conditioning on a common effect'. 31 A further limitation to this study is that our analysis does not include C9orf72 repeat expansion analysis by Southern blot, although individual definition of pathological expansion performed by each centre using repeat primed PCR was validated by Southern blot. While the length of expansion varies from tissue to tissue, 32-34 diagnostic testing within a clinical setting uses blood samples from which all previous prognostic and clinical correlative studies have been performed. Finally, we did not account for riluzole use in the analysis, as this is routinely prescribed in all patients from the participating countries, and it was not possible to determine the level of compliance using available data.
In conclusion, we have performed an analysis of the effect of the C9orf72 expansion on survival in almost 5000 European Figure 3 Individual patient data meta-analysis of the HR of male spinal onset patients with amyotrophic lateral sclerosis (ALS) carrying the C9orf72 repeat expansion. C9orf72exp, group carrying the C9orf72 expansion. IPD meta-analysis of C9orf72 repeat expansion in male spinal onset patients with ALS versus spinal onset C9orf72 normal patients pooled by country and analysed using a Royston-Parmar flexible parametric model with three degrees of freedom on the hazard scale correcting for age at onset (time varying), site of onset and diagnostic delay, based on the three level categorical breakdown of sex, site and C9orf72 status described in Supplement information 2. IPD, individual patient data. HRs for each of the El-Escorial criteria from a Royston-Parmar model on the hazard scale with 3 degrees of freedom and including age of onset (time varying), diagnostic delay, site of onset, country and sex-site-C9 as a hybridised variable with a variance-covariance matrix allowed to pool by country. Note that Belgium omitted as the El-Escorial criteria was not available, the UK data included only Probable and Definite category ALS, while Ireland does not use the 'probable laboratory supported'. Nevertheless, HRs are in line with expectations showing a gradually increasing hazard with increasing category severity.
patients with ALS. We have shown, for the first time, that C9orf72 repeat expansion is a significant negative prognostic indicator in males with spinal onset disease only. These findings suggest a hitherto unrecognised interaction between the C9orf repeat expansion, site of onset and gender. This has important implications in the understanding both the pathobiology of C9orf72-mediated disease, and in the development of future disease-related prognostic models. Disclaimer The funders played no role in the design and conduct of the study; collection, management, analysis, and interpretation of the data and preparation, review or approval of the manuscript. Sclerosis and Frontotemporal Dementia'. LvB received travel grants and consultancy fees from Baxalta; serves on scientific advisory boards for Prinses Beatrix Spierfonds, Thierry Latran Foundation, Cytokinetics and Biogen. He serves on the editorial boards of 'Amyotrophic Lateral Sclerosis and Frontotemporal Dementia' and 'Journal of Neurology, Neurosurgery and Psychiatry'.
Patient consent Obtained.
Ethics approval Ethical approval for this study and data sharing was obtained at each participating centre, and data shared through a legal agreement under the auspices of the EU JPND STRENGTH consortium, administered through King's College London. For the purposes of this analysis, overarching approval was through the Irish Centre (Trinity College Dublin and Beaumont Hospital Research Ethics Committee (02/28; 05/49).
Provenance and peer review Not commissioned; externally peer reviewed.
